Pseudomonas spp., in particular Pseudomonas fragi, are dominant in aerobically stored chilled meats. This work isolated P. fragi isolates from spoiled chicken and investigated the effect of modified atmosphere packaging (MAP, CO 2 /N 2 30%/70%) on physicochemical properties of P. fragi isolates compared to the corresponding controls (air). A total of six P. fragi isolates were isolated from aerobically stored spoiled chicken. MAP inhibited the growth of the isolates primarily in the exponential phase without inducing cell death and weakened the isolate's ability to form biofilms. Isolates 2 and 25, which readily form biofilms, exhibited improved stationary-phase growth in MAP compared to the control packaging. Changes in the surface properties, including reduced motility, increased aggregation and hydrophobicity, were also induced by MAP. The surface property results were then confirmed via scanning electron microscopy. In addition, significant differences were observed in cell phenotypic characterization between individual isolates tested, which indicated that the responses to MAP exposure were strain-dependent. These cell responses allowed P. fragi to adapt to MAP. The study provides practical information regarding microbial responses to MAP stresses, which will help further understanding the bacteriostatic mechanism of MAP.
INTRODUCTION
Pseudomonas fragi is a psychrotrophic, Gram-negative bacterium that is able to grow at temperatures ranging from 2
• C to 35
• C (Ercolini et al. 2010) . Pseudomonas fragi can produce several types of enzymes, including lipases and proteases (Wang et al. 2017) . These enzymes are responsible for the spoilage of meat, fish, vegetables and dairy products. In the past few decades, numerous food spoilage issues have been linked to P. fragi worldwide, with affected foods including refrigerated meat stored under aerobic, vacuum and modified atmosphere conditions (Ercolini et al. 2007; Pennacchia, Ercolini and Villani 2011; Doulgeraki et al. 2012; Casaburi et al. 2015) . Interestingly, it has been observed that the spoilage activity of P. fragi is lower in meat stored in modified atmosphere packaging (MAP) than meat stored aerobically. MAP is considered an effective method for packaging and extending the shelf lives of various fresh meats and meatrelated products, including chicken meat (Al-Nehlawi et al. 2013; Meredith et al. 2014) . Using an optimal mixture of gases (CO 2 and N 2 ) in food packaging containers has been shown to effectively inhibit the microbial flora of poultry meat (Jeremiah 2001; Pothakos et al. 2014) . CO 2 is the main inhibitor of microbial growth, and increased levels of CO 2 have been shown to enhance microbial inhibition (McMillin 2008) . Recent studies within our research group have demonstrated that high-CO 2 MAP (80%CO 2 , 20%N 2 ) and low-CO 2 MAP (30%CO 2 , 70%N 2 ) can prolong the shelf life of chilled yellow-feather chicken meat to 8-10 days and 6-8 days, respectively. In comparison, air packaging results in a shelf life of 2-4 days (Zhang et al. 2015) . However, the high-CO 2 MAP group exhibited the highest storage drip losses; furthermore, the high rate of CO 2 absorption into the poultry meat led to a significant depression of the MAP film. These results are consistent with those reported by others (Meredith et al. 2014) . Low-CO 2 MAP may, therefore, have more potential for use in chilled chicken preservation.
Microorganisms can exhibit modified phenotypes following exposure to variations in environmental factors such as growth temperature or culture medium composition (Ahmad, Smith and Mahboob 2003; Martinez, Lopez and Bernardo 2003; Wang et al. 2013b) . Such stress responses in bacteria may enhance survivability in adverse environments. For this reason, many investigations have focused on the effects of adverse environmental stresses on the acid, heat or cold resistance of foodborne pathogens such as Listeria monocytogenes, Escherichia coli, Salmonella Typhimurium and Salmonella Enteritidis (Evrendilek and Zhang 2003; Greenacre et al. 2003; Alvarez-Ordonez et al. 2010; Yang et al. 2014) . Investigations on the effect of culture atmosphere focus mainly on the effect of CO 2 on the growth of specific food pathogens and spoilage microorganisms (Enfors and Molin 1980; Devlieghere and Debevere 2000; Rajagopal, Werner and Hotchkiss 2005) . However, few publications have characterized the changes that occur in response to CO 2 exposure (Munsch-Alatossava and Alatossava 2014). Thus, the mechanism and extent to which stress responses are inducible by MAP exposure remains unknown.
Therefore, the aim of this work was to isolate and identify P. fragi isolates from spoiled chicken, preliminary characterize and compare the physicochemical properties of P. fragi cultured in an optimal culture medium aerobically and under MAP conditions. This work sets the foundation for further study regarding the possible consequences of the P. fragi MAP response and its implications for meat preservation by MAP.
MATERIALS AND METHODS

Pseudomonas fragi isolation, identification and phylogenetic tree construction
Raw chilled chicken meat was collected from two retail stores and two supermarkets. Immediately after collection, the samples were aseptically transferred to the laboratory in an ice box within 3 h. Each meat sample was analyzed soon after 5 days of aerobic storage at 8
• C. Twenty surface samples (25 g) were aseptically weighed and homogenized in 225 mL sterilized 0.85% NaCl solution. Decimal dilutions were prepared in the same solution, and 0.1 mL of each of the appropriate dilutions was plated in duplicate on Pseudomonas agar with cetrimide-fucidincephaloridine selective supplement (Oxoid), the plates were incubated at 28
• C for 48 h. The colonies were randomly isolated and purified on Pseudomonas agar plates. A total of six positive isolates were identified based on a previously described speciesspecific PCR assay targeting the carA gene (Ercolini et al. 2007 ).
The spoilage potential of these isolates was evaluated by rawchicken juice agar (RJA) assay as described in previous publications (Wang et al. 2017) . Decomposition zone areas (DZAs) were measured and used to evaluate spoilage potentials. Six isolates then amplified the 16S rDNA using the universal primers 27F (5 -AGAGTTTGATCCTGGCTCAG-3 ) and 1492R (5 -GGTTACCTTGTTACGACTT-3 ). The PCR products (about 1500 bp) were purified and sequenced by Invitrogen (Invitrogen Biotechnology Co., Ltd, Shanghai, China). Type strain (ATCC4973) sequences were acquired though access to National Center for Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/). Multiple gene alignments were performed using the software program ClustalX. Phylogenetic trees were constructed by the neighbor-joining method using the software MEGA6 (Hickey et al. 2015) .
Bacterial culture conditions
Pseudomonas fragi ATCC 4973 (A) and six isolates (2, 3, 23, 25, 28 and 44) were stored at -80
• C and revived twice in tryptone soy broth (TSB) for 24 h at 28
• C. Stationary-phase inocula were prepared prior to use. For this work, the seven P. fragi stains were incubated at 28
• C in the following two different atmospheres: a modified atmosphere (MAP group, M) and air (control group, C). The MAP group was packaged by using a SMART 500 (ULMA Packaging, Barrio Garibai, Spain) under a modified atmosphere containing 70% N 2 and 30% CO 2 using Lid 1050 MAP films (Cryovac, Sealed Air (China) Co., Ltd, Shanghai, China). The film has an oxygen permeability of 6 cm 3 (m
• C, and water vapor permeability of 0.1 g (m
The control group was stored in air.
Growth curves
Each isolate suspension was inoculated in TSB to a final concentration of 10 4 CFU mL −1 . Fifteen milliliter cultures were then incubated in sterile beakers under different growth atmospheres at 28
• C. Samples (1 mL) were removed from cultures at appropriate time intervals and serially diluted in sterile PBS. Aliquots of appropriate dilutions (0.1 mL each) were spread in duplicate on TSA. Agar plates were incubated aerobically at 28
• C for 24 h before colony counting was performed.
Biofilm assay
Biofilm formation ability was determined as described by Wang et al. (2013) . Briefly, isolate suspensions were diluted in fresh TSB to 10 4 CFU mL −1 . An aliquot (200 μL) of each isolate culture was transferred in a 96-well polystyrene microplate. After a 24-h incubation under different growth atmospheres at 28
• C, wells were gently washed three times with sterile phosphate-buffered saline (PBS). Plates were then air-dried for 45 min. Each well was then stained with 200 μL of 0.25% crystal violet for 30 min. The staining solution was then removed, and the wells were washed three times with sterile PBS. Crystal violet bound to biofilms was then solubilized with 0.2 mL of 95% ethanol for 30 min. Crystal violet absorbance was measured using a SpectraMax M2 Microplate Reader (Molecular Device, CA, USA) at 570 nm.
Autoaggregation, motility and cell surface hydrophobicity assays
Autoaggregation ability was determined as described by Xu et al. (2010) . Briefly, 5 ml of each stationary-phase cell suspension were centrifuged (8000 × g, for 5 min) and suspended in PBS after incubation under different growth atmospheres, and the initial OD600 (A0) of the suspension was measured. After incubation at 28
• C for 6 h, the final OD600 of each upper suspension (A1) was measured. Autoaggregation percentage was expressed as [(A0 -A1)/A0] × 100. The swimming and swarming motilities were evaluated using soft-agar plate assays as described previously (Wang et al. 2013a) , with some modifications as follows: swimming agar (10 g of tryptone per liter, 5 g of NaCl per liter, 2.5 g of glucose per liter and 0.3% agar) and swarming agar (25 g of Luria-Bertani medium per liter, 0.5 g of glucose per liter, and 0.5% agar). Three microliter aliquots of each cell suspension were spotted onto the surfaces of soft-agar plates, and motilities were recorded after incubation at 28
• C for 72 h. Microbial adhesions to solvents were evaluated as previously described (Planchon et al. 2007) , using the following solvents: xylene (nonpolar solvent), chloroform (monopolar acidic solvent and electron acceptor) and ethyl acetate (monopolar basic solvent and electron donor). Cell surface hydrophobicities were calculated as [(A0 -A1)/A0] × 100, where A0 is the initial OD600 of the cell suspension and A1 is the final OD600 of the aqueous phase. Absorbance was measured using the SpectraMax M2 Microplate Reader.
Electron microscopy of bacterial cells
Scanning electron microscope (SEM) analysis was performed as described by Wang et al. (2013b) with slight modifications. Briefly, stationary-phase cell suspension of two groups were centrifuged (3000 × g, for 5 min) and washed three times with PBS. Cell pellets were fixed with 2.5% glutaraldehyde. Samples were mixed thoroughly and incubated for 4 h at 4 • C. Cells were then pelleted by centrifugation and washed three times with PBS. Cells were dehydrated using a series of solutions with increasing ethanol concentration (50%, 70%, 80%, 90% and 100%; 15 min each). Then, each sample was freeze-dried and sputter-coated with 10 nm of gold. Images were obtained with a Hitachi S-3000N (Hitachi, Japan) SEM.
Statistical analysis
All experiments in two atmospheres were performed using six independent biological replicates. Tests for statistical significance were performed using the SPSS statistics program (Version 22, USA). ANOVA and Student's t-test were used to evaluate differences between means. In all cases, P < 0.05 was used to determine statistical significance.
RESULTS AND DISCUSSION
The industrial production of foods and the increased use of refrigeration for long-term food preservation have greatly enhanced the importance of psychrotrophic bacteria. Pseudomonas spp., in particular P. fragi, P. fluorescens and P. putida, contribute significantly to food spoilage (Remenant et al. 2015) . These Pseudomonas species are the predominant microorganisms responsible for the spoilage of raw foods stored under aerobic refrigeration. Aerobically chill meat and milk are particularly affected by these Pseudomonas species (Mellor, Bentley and Dykes 2011; Doulgeraki and Nychas 2013; Quigley et al. 2013) . Previous studies related to MAP were commonly focused on the shelf life extension effect or merely on bacterial viability. In this study, optimal growth in culture medium of P. fragi was performed to investigate the physicochemical property changes since these changes might be connected with the bacteriostatic ability of MAP. To our knowledge, this is the first study on the phenotypic characterization of P. fragi isolates with the exposure of MAP stress. A total of six isolates were identified to P. fragi based on a species-specific PCR assay targeting the carA gene and their respective phylogeny is shown in Fig. 1 . Isolates 25, 44 and A were determined to have a close relationship based on 16S rDNA sequencing. Isolates 2 and 3 and isolates 23 and 28 were clustered together, respectively. RJA assay was proved to be a convenient method to assess potential spoilage bacteria (Wang et al. 2017) . Interestingly, the phylogeny of seven strains was consistent with the result of RJA assay (Fig. 1) , which represents that the spoilage potential of tested bacteria may be related to their genotypes.
The numbers of viable cells obtained following growth in the treatment and control conditions are shown in Fig. 2 . Under the control conditions, all isolates reached 10 7 CFU mL −1 after 12 h of growth. All isolates were inhibited by MAP during 12 h of growth, yielding nearly 1 log CFU mL −1 less than the control. However, after 18 h of growth, this adverse effect disappeared, with the exception of isolates 23 and 28. Notably, the total viable counts of isolates 2 and 25 in the treatment group became significantly
Figire 2. Growth of P. fragi under modified atmosphere (30%CO2, 70%N2) and control conditions in TSB at 28
• C. C, control group; M, MAP group. Error bars represent the standard deviations of the mean (n = 6). Values in the same incubation time with asterisks are significantly different ( * P < 0.05, * * P < 0.01, * * * P < 0.001).
higher (P < 0.05) than the control in the stationary phase. In contrast to other isolates, the growth curves of isolates 23 and 28 indicate that MAP has adverse effects on growth of both strains throughout the experiment. Although Pseudomonas species have been categorized as strict aerobes, Pseudomonas can also survive in microaerophilic and anaerobic environments (Ercolini et al. 2006; Filiatrault et al. 2006) . In this study, we evaluated the MAP tolerance of seven P. fragi isolates. At the end of growth, the P. fragi isolates were able to tolerate the MAP. It can be speculated that MAP modulated growth without inducing cell death. It has been well established that MAP can inhibit the growth of Pseudomonas spp. and can be used to extend the shelf life of chilled meats (Parlapani et al. 2015; Zhang et al. 2015) . However, MAP inhibition is incomplete. Gill and Tan (1980) demonstrated that the presence of CO 2 can extend the lag phase of spoilage bacteria, reducing growth rates by 25% to 30%. Similar results were obtained by Munsch-Alatossava and Alatossava (2014), who reported that the exponential growth phase of a Pseudomonas sp. was delayed by N 2 flushing. These publications are in agreement with our work. Interestingly, we found that two isolates, isolates 2 and 25, eventually exhibited higher counts than their respective controls following exposure to MAP. It has been reported that sigma factors produced in stationary phase lead to the generation of self-defense proteins that protect cells against environmental stresses (Kuda et al. 2015) . These two isolates may, therefore, produce compounds that protect them against MAP stresses. The effects of MAP on the biofilm formation abilities of seven P. fragi isolates at 24 h were determined (Fig. 3) . In general, isolates produced greater amounts of biofilm in air than in MAP. Biofilm formation ability was observed to vary between isolates as follows: significantly higher (P < 0.05) amounts of biofilm were formed by isolates 2 and 25 regardless of incubation environment. Three isolates (3, 28 and 44) did not form biofilms in either atmosphere, while isolate 23 did not form a biofilm in the MAP atmosphere.
Although these isolates exhibited some variation in biofilm forming behavior, two isolates produced large amounts of biofilm, suggesting that strain type may play a more important role in biofilm formation than incubation conditions. This result was supported by the conclusion of Wang et al. (2013a) , who indicated that the strain type plays a more important role in microbial biofilm development. Biofilm formation can occur in various environments as follows: some studies have reported that, as a stress response, some bacteria form biofilms and exhibit better attachment when grown in nutrient-limited or cold environments (Slama et al. 2012; Spector and Kenyon 2012) . However, our study indicated that MAP stresses reduce biofilm formation. In addition, the properties of microbial cells, such as the presence or absence of flagella and fimbriae, may also influence biofilm formation (Donlan 2002) . Weaker biofilm formation abilities may also be due to reduced motility. Notably, isolates 2 and 25, which have strong biofilm formation abilities, exhibited improved growth following MAP exposure, suggesting that biofilm may play an important role in the adaption to MAP stresses.
Significant variability in autoaggregation, motility and surface hydrophobicity between isolates was observed in this study. After 6 h of incubation at 28
• C, the autoaggregation abilities of the seven isolates in the control group ranged from 3.56% to 29.17%; in the treatment group, autoaggregation increased to between 17.00% and 40.35% (Fig. 4a) . The autoaggregation ability of isolate A was significantly higher (P < 0.05) than that of the other isolates, while the autoaggregation ability of isolate 2 was the lowest in both groups. Furthermore, the autoaggregation ability of isolates in the treatment group was significantly higher (P < 0.05) than those of the control group, with the exception of isolates 23 and 25. Figure 4b and c shows that MAP exposure resulted in significantly decreased swimming and swarming motility. Greater affinities for solvents were observed for the treatment group than the control (Table 1) . Isolates in both groups had strong affinity for chloroform and low affinity for ethyl acetate, suggesting that the isolates had cell surfaces with marked electron donor characteristics.
The variability in autoaggregation ability may result from variations in cell surface components, in particular, cell surface proteins or lipoproteins. These cell surface components have been considered mediators in the autoaggregation process (Schachtsiek, Hammes and Hertel 2004) . Therefore, MAP may affect the autoaggregation ability by altering these surface components. Both swimming and swarming motilities depend on bacterial flagella and are associated with cell surface phenomena. The most noticeable distinction between swimming and swarming is that swimming is an individual behavior, whereas swarming is a movement of bacterial populations (Cong et al. 2011) . Recent investigations have found that swarming shares features with other surface phenomena, including biofilm formation and antibiotic resistance (Shrout et al. 2006; Butler, Wang and Harshey 2010) . These previous reports are consistent with our findings that weaker biofilm formation Values are expressed as the mean ± standard deviation (n = 6). C, control group; M, MAP group. a-c: within a column, values with different lower case letters are significantly different (P < 0.05). abilities may be due to reduced motility. The differences in affinity may result from different distributions and proportions of proteins and polysaccharides on cell surfaces under different atmospheres. The presence of proteins could result in higher hydrophobicities, while the presence of polysaccharides could result in more hydrophilic surfaces (Wang et al. 2012) . Attachment ability is mainly governed by physicochemical interactions between contact surfaces and cell surface properties (Planchon et al. 2007) . In particular, cell surface hydrophobicity plays an important role in the initial steps of attachment. In this study, all seven isolates exhibited affinity for the three solvents tested; in addition, the amount of affinity for each hydrocarbon varied, a result that is consistent with previous reports (Chia et al. 2008; Darilmaz, Beyatli and Yuksekdag 2012) . Overall, the results of this study indicate that the surface properties of P. fragi are strongly strain-dependent. Differences in cell surface properties may contribute to the observed differences observed in the ability of Pseudomonas to attach to specific surfaces. Cells grown in the treatment group displayed greater aggregation abilities and hydrophobicities and weaker motilities than cells grown in the control group. These adaption responses may protect cells from injury and enhance their chances of survival under MAP stresses.
Representative SEM images of seven P. fragi isolates growing in either MAP or air are shown in Fig. 5 . Interstrain diversities were not observed in either atmosphere. In the control group, cells were rod-shaped, remained in monolayers and were scattered sporadically. Only a few cell aggregates were observed. After MAP treatment, more cell aggregates were observed, and cells even formed complex 3D structures.
It has been reported that aggregation ability and hydrophobicity are involved in cell-to-cell adhesion (Del Re et al. 2000) . Thus, enhanced adhesion between cells may be due to change in cell surface hydrophobicity. In the surface property analysis described above, we observed greater aggregation and hydrophobicity in the treatment group; these observations were confirmed via SEM analysis. In addition, SEM analysis revealed no obvious cellular damage, suggesting that MAP stress may not lead to cell death, which is supported by the growth analysis.
CONCLUSION
In the MAP group, the growth of the Pseudomonas fragi isolates was mainly inhibited in the exponential phase. MAP also inhibited the biofilm formation ability. Changes in the cell surface properties, including reduced motility, increased aggregation and hydrophobicity, led to increased cell-to-cell adhesion. Therefore, these adaptations protect P. fragi against MAP stresses. Meanwhile, the physicochemical properties of the P. fragi isolates found a diverse array of phenotypes, indicating that responses to MAP exposure are strain-dependent. Although this work successfully characterized the phenotypic responses of P. fragi grown in an optimal culture medium, it would be advisable to perform further studies to determine the spoilage abilities and phenotypic responses of these potential spoilage bacteria on meat.
